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ABSTRACT

The California Undercurrent {CUC), a poleward-flowing feature over the continental slope. is a Key transport
pathway along the west coast of North America and an important component of regional upaelling dynamics, This
study exaniines the polewand undercurrent and alongshore pressure gradients in the northern Califortia Currem
Swstem (CCS) whene Jocal wind stress foreing is relatively weak. The dynamics of the undereurrent are comparcd
in the prinitive cquation Navy Coastal Occan Model and a lincar coastal trapped wave modcel. Both models are
validated using hydrographic data and currentaucter observations in the core of the undercurrent in the northern
CCS. In the lincar modul. variahility in the predominantly cquatorward wind stress along the ULS, West Coast
produces episodic reversals to poleward flow over the northern CCS slope during summer. However, reproducing
e persistence of the undercurrent during lae sunmmicr requires additional incoming cnergy [rom sca level var-
fability applicd south of the region of the strongest wind forcing. The relative importance of the harotropic and
haroclinic components of the modeled alongshore pressure gradient changes with latitude. In contrast to the
southern and central portions of the CCS. the haroclinic componem of the alongshore pressurc gradiem provides
the primiary poleward foree at CC depths overthe northern CCS slope. At time scales from weeks tomonths. the

alongshore pressure gradient foree is primarily balanced Iy the Coriolis foree associated with onshore flow.,

1. Introduction

The California Uindercurreut (CUC) flows poleward
over the continental slope along the castern boundary of
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the North Pacific Occan, transporting heat. chemical
tracers, and organisms over alongshore distances of
thousands of kilometers. Relatively warm. saline. and
oxveen-depleted water is associated with the CUC
from Baja California to Alaska (Ilickev 1979: Thomison
and Krassovski 2010). These equatorial water propertics
are transferred into the interior of the North Pacitic by
cddics formed frominstabilitics within the CUC (Tuver
ct al. 1998: Garticld ¢t al. 1999). The CUC modikics
nutrient concentrations along its path by transporting
water with Tow ratios of nitrate to phosphate (Liun and
Kaplan 1989: Castro et al, 2001) and also influences the
distribution of marine organisms such as zooplankton
(Swartzmau et al. 2003). Poleward undercuvrents similar
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to the CUC are common in castern houndary current
svstems. and their presence can greatly affect the phys-
ical dvnamies of coastal upwelling (It et al. 1998).

‘The CUC is ascasonal Feature in the northem California
Current Svstem {(CCS: Ilickey 1979: Thomson and
Krassovski 20103, which includes the coastal waters
offshore of northern California (CA). Oregon (OR).
Washington (WA). and southern British Columbia
(BCY. Following [ickey (1979). the CUC is delined
as a subsurface maximum in poleward How over the
continental slope and below the main pyenocline. At
these latitudes. the CUChas a typical volume transport
of 0.5-1.5Sverdrups (Sv: 1Sy = 10°m?s l). with a
[0=20-km-wide subsurface core over the upper slope
(Ilickey 1979: Pierce et al. 2000). In the scasonal cvele.
poleward How appears over the upper slope at depths
<2300m during July and strengthens through late October
{(Tlickey 1979: Thomson and Krassovski 2010}, Lagrangian
Hoats at 250-600-m depth between 407 and 17°N indicate
that poleward flow is present vear-round but 1s weakest
during March and strongest during October (Colins et al.
2003). As the upwelling scason progresses from late April
to carly October. the core of the undercurrent shoals
From below 500-m depth to the upper slope (Pelland et al,
2013). and the relatively warm and saline CUC water
mass forms a greater percentage of water over the shelf
{MacFadven ct al. 2008). During winter. winds are down-
welling Favorable, and the CUC merges with the surface-
intensiticd poleward How over the stope commonty known
as the Davidson Current (Iickey 1979), The spring tran-
sition to equatorward How over the upper stope preeedes
the transition to upwelling-favorable wind stress by around
one month (Thomson and Krassovski 2010).

The CUC influences the seasonal dynamices of coastal
upwelling in the CCS because of its relationship to the
alongshore pressure gradient and the bottom boundary
laver. In the northern CCS. the barotropic component
of the alongshore pressure gradient force (APF) at the
coast is directed equatorward during winter and spring
and becomes poleward during the summer upwelling,
scason (Iickey and Pola 1983). Imposing a poleward AP
in two-dimensional models of coastal upwelling produces
a poleward undercurrent over the slope and shifts the
depth of onshore How from the bottom boundary laver
to the interior (Werner and Ilickey 19830 Federiuk and
Allen 1995). Similarly. Pringle and Dever (2009) found
that incorporating a realistic CUC iato a three-dimensional
regional hindeast model feads to shallower source depths
for upwelling, Idealized modeling studies of upwelling
ceosvstems and biogeochemistry often use an externally
applicd poleward APE to incorporite undercurrent dyv-
namics (Lathuilicre et al. 200 Sicdiecki et al. 2012).
However. itis not clear how the structure of the APIFvaries
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n the cross-shore direetion or whether there is a baroclinic
component associated with large-scale density gradients.

Despite the prevalence and importance of castern
boundary poleward undercurrents like the CUC, mech-
anisms for their generation are not fully understood.
ITill et al. (1998) classifyv three proposed miechanisms:
1) a response to wind stress near the coast. 2) pressure
gradients originating in the open occan. and 3) rectiti-
cation of oscillating tlow over complex topography. The
first two mechanisms depend on a large-scale poleward
APFE. In idealized wind-driven models with stratifica-
tion. a poleward APF and undercurrent can be gener-
ated if the upweling-favorable winds have an alongshore
structure. an idea Hrst recognized by Yoshida (1967).
[Towever, an open-occan pressure gradient associated
with a poleward deerease in temperature and sca surface
height (SSIT) can also be associated with a poleward flow
over the slope (Iuthnance 1984 Csanady 1985). In the
third mechanism. poleward How is associated with a mean
asvmmetrical distribution of pressure across topographic
features (Ioloway 1987: Brink 2010.2011). In this case,
the oscillating tow may be forced by variable alongshore
wind stress. but over the course of many oscillations.
mean poleward flow over the slope arises in the absence
of a mean wind stress. All of the above mechanismis can
produce poleward How over the slope that qualitatively
resembles the cross-shelfand depth structure found in the
limited existing observations of the undercurrent. but the
different types of forcing should result in differences in
the temporal vanability of poleward How, The absence of
a clearly defined mechanism for undercurrent gencration
continues duce to the low number of velocity time series
characterizing the temporal variability of slope currents
and the difliculty in obtaining measurements of the APT.

In the theoretical work that emphasizes wind forcing
as a mechanism for undercurrent genceration. coastal
trapped waves (CTWs) play an important role. CTWs
arc hvbrids of internal Kelvin waves and barotropic
continental shelf waves (Wang and Mooers 1976). In
purc internal Kelvin waves, over a flat bottom. along-
shore pressure gradients aceelerate alongshore motions
ncar a coastal wall but cross-shore velocity remains zero.,
In shelf waves. cross-shore motions act to conserve po-
tential vorticity over a sloping bottom. When stratilica-
tion and bottom slope are present. CTWs are nearly
barotropic over the shelf, with a more baroclinic strue-
ture over the slope. Thigher modes tend to have more
haroclini¢structure than lower modes, are dumped more
rapidiv by Friction, and propagate more slowly,

The undercurrent is a robust feature of models Foreed
by wind stress in a region of limited alongshore extent.
In stratified models with a flat bottom., Kelvin waves are
generated at the southern edge of the forcing region, and
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a poleward AP that accclerates the undercurrent is set
up in their wake (McCreary 19812 Philander and Yoon
1982). When a continental shelf is present, the first-
mode CTW s associated with cquatorward flow, and
a poleward flow develops over the slope with the passage
of a second-mode CTW (Suginohara 1974, 1982).

The twoessential ingredients for wind-driven poleward
undercurrents are alongshore structure in the wind fore-
g, which generates an APE. and stratification. which
allows vertical shear in the alongshore currents. With
these basic factors included. the two-laver analyvtical
model of Yoshida (1980) produces a poleward under-
current over nearly the entire range of length scales and
frequencies. The b effect is not essential for modeling the
undereurrent. but offshore Rosshy wave propagation can
lead to a shallowing and intensification of the undercurrent
(Suginohara and Kitamura 1988 McCreary and Chao
1935; Marchesiello et al. 2003). Positve wind stress curl
ncar the coast on a b plane can also strengthen the un-
dercurrent {McCreary and Chao 1985: Batteen 1997).

The timing of CUC development in the northern CCS.
shown by Thomson and Krassovski (2010), is gualita-
tively consistent with a summertime poleward AP in-
ferred from coastal sca level observations (1ickey and
Pola 1983). Tlickey and Pola (1983) attnibuted the sea
level gradient in the northern CCS to the alongshore
structure of wind stress using the steady barotropic
model of Csanady (1978). This structure in summer wind
stress, with a maximum off of northern CA. has been
hnked to the CUC and poleward APE in the baroclinic
models (e.g.. McCreary 1981) deseribed above. Tlow-
cver. direct comparisons with observed variahility in the
CUC have been linited. making it difticult to rule out
other mechanisms of producing poleward Row. Fur-
thermore. because the AP is difticult to measure away
from the coast. its structure and vaviability over the
slope remain poorly understood.

The goals of this paper are to investigate the spatial
and temporal structure of the poleward undercurrent
and the alengshore pressure gradient along the ULS.
West Coast. extending previous work by incorporating
realistic wind forcing and houndary conditions at time
scales from weather events to scasons. Emphasis is
placed on the development of the CUC in the northern
portion of the CCS. where Tocal wind stress forcing is
refatively weak. The analyvsis uses two numerical hind-
casts with different levels of complexity, The Navy
Coastal Ocean Model of the CCS (NCOM-CCS) is used
to more fully understand the AP over the continental
slope. where it s difticult o obsenve. A lincar CTW
maodel is also used. which is forced by temporally and
spatially variable winds along the coast but excludes the
cffects of complex topography, open-occan forcing. wind
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stress curl, and the b effect. These linntations are less
restrictive in the northern CCS than at locations farther
south because the region lics north of latitudes where
scasonal Rossby wave propagation occurs (Clarke and
Shi 1991 Kelly et al. 1993) and wind stress curl is rela-
tively weak (Bakun and Nelson 1991). This model can be
directdy comparcd with ohservations and incudes the
basic ingredients in wind-driven theories of undercurrent
gencration: alongshore structure in wind stress. along-
shore pressure gradients, and stratification. The more
complete physics of NCOM-CCS provide our best esti-
mate of the ocean state at locations where observations
are limited. while the CTW maodel is used to isolate the
lincar response to alongshore wind stress in the CCS,

Both models are compared with an extensive array of
abservations. including currents from moored sensors and
hydrographic data (section ). The CTW model s
adjusted to show the sensitivity of the alongshore velocity
to friction. number of modes. local wind stress. and the
southern boundary condition (scction 4a). In this lincar
model. alongshore winds along the ULS. West Coast gen-
crate episodic periods of poleward flow over the northern
CCS slope during summer. when wind-driven flow over
the shelf is predominantly cquatorward. Towever. the
inclusion of sca level data at the southern boundary,
> 1500Kkm to the south. is required to reproduce the ob-
served strength and persistence of the slope undercurrent
during late summer. The APIF is examined near the coast
and over the slope in both models {section <b). then
connected to the dvnamices of CUC development through
the analvsis of the alongshore momentum  balance
(scetion 4¢). It is shown that alongshore density gradients
contribute to a poleward AP over the northern CCS
slope, in contrast to locations farther south.

2. Mecthods
«. Observations
'l) COASTAL SCA LEVEL

Coastal sea fevel time series were ohtained for {0 tide
gauge locations (Ifig. fa). Sca level data were adjusted
by adding equivalent sca level pressure (0.01 m mbar
atmosphetic pressure) measured at ncarby stations
{(Fig. Ta) in order to estimate subsurface pressure, Hourdy
time serics were low-pass tiltered using a cosine Lanczos
tilter with a half-power point of 46 h and decimated every
6h. Because the absolute vertical displacement from
a geopotential surface is unknown, mean values are re-
moved so that ume scries represent anomalics, Tide
pauge data were obtained from the ULS. National Ocean
Service. and atmospheric pressure data were obtained
from the National Buov Data Center,
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F1G. 1. Mean model ficlds (NCOM-CCS, with globat NCOM novth of 49°N) and anuespheric forcing (CCMP) for the California
Currcnt. 13 Jun E3 Sep 2005, The 200-. 300-, and 1000-m jsobaths are shown as bMack contours, (a) SSH. with (.03-m contour intervals in
white. Red squares indicate tide gauges al San Dicgo (SD). Port San Luis (PSL). Monterey Bay (MB). Point Reves (PR). Arena Cove
{AC). Humboldt Bay {FHB), Newport (NH). La Push (LP). and Neah Bay (NB). Red circles show nearby measurements of sea level
pressuce. (b) Northward conponent of depth-averaged velocity, Gray triangles indicate mooring tocations. {¢) Wind speed and veltoity
veetors. Gray lines indicate eross-shore seyments used in the coastal trapped wave model. CTW model segmients coincide with tide gauge
localions at the coast. except for the WA and Tofmo (TF) segienis. Geographic boundarics of BC. WA, OR, and CA arc mdicated.
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2) MOORING TIME SERIES

Velocity data are used from two locations, one on the
British Columbia slope and one on the Washington shelf
(IFig. 1b). The Al mooring, where data have been col-
lected From 1985 through the present. is located on the
S00-m isobath at 48°32N, 12671240 (Thomson and
Krassovski 2010). During 2001 and 2005, velocity data
were collected at nominal depths of 35, 100, 175, and
300 musing Aanderaa recording current meters (RCM) 8,
although actual current-meter depth and data availability
vary between deplovments. Velocity components were
rotated 257 counterclockwise. parallel to the local isobath
oricntation. and time scries were tiltered using a Kaiser-
Bosse! low-pass filter with a 30-h cutoll and decimated to
dailv intervals, On the Washington shelf, maintained as
part of the River Influences on Shelf Ecosystems (RISE)
project {(Hickey et al. 2010). the RISE North (RN)
mooring is located on the 70-m isobath at 47°00°N,
1247303V (data provided by E. Dever 2006, personal
communication). Veloeity components at the RN site

were rotated 107 elockwise, and time scrics were tiltered
and decaimated in the same manncr as coastal sca level.

3) GLOSTROPHIC VELOCITY

Conductvity, temperature, and depth (CFD) mca-
surcnwents were obtained during Septemiber 2005 as part
of the Ecology and Occanography of Harmlul Algal
Blooms Pacific Northwest (ECOHAB-PNW) project
(MacFadven ct al. 2008). Geaostrophic velogity, refer-
cnced to S00dbar, was caleulated using the method of
Reid and Mantyla ( 1976), Because shipboard ADCP data
arc not available at S00dbar to compute absolute ve-
locity. NCOM-CCS velocity at 500 dbar is used as a
reference for consistent comparison between model
and observations.

b, Models
1) NAVY COASTAL OCEAN MODECL

NCOM-CCS (Shulman ct al. 2007 is a primitive cqua-
tion, 3D. hydrostatic model with a horizontal resolution of
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-9 k. The model domain covers the region 307—1°N,
135°=115W (Figs. la.b). and hindcast results are pre-
sented for the vear 2005, The model 1§ forced with
atmospheric products denved from the Coupled Ocean—
Atmosphere Mesoscale Prediction System (COAMPS:
[odur 1997). The model assimilates satellite-derived
SS1T and sca surtace temperature (SST) data via the
Maodular Occan Data Assimilation Svstem (MODAS:
[Fox et al. 2002). which uses the SST and SSIT dita to
generate svathetic temperature and salinity protiles.
Open boundary conditions for the regional NCOM-CCS
arc derived from the global NCOM (Rhodes et al, 2002;
Barron ct al. 2004). which has a Y™ horizontal resolution,
In the version used here, the vertical coordinate system
is composed of 40 levels total. 19 s (terrain following)
Ievels on top of 21 ¢ (constant depth) levels (Shulman
¢t al. 2007). There is no tudal forcing or river input. and
the mouth of the Strait of Juan de Fuca at Neah Bay
(NB: Fig. la)is closed off by a straight coastline. Use of
2 levels helow 138 m. which s typically shallower than
the depth of the shelf break in the CCS. avoids errors in
calculation of the pressure gradient that can arise near
the steep topography of the continental slope when us-
ing s coordinates (ITaney 1991).

2) COASTAL TRAPPED WAVE MODEL

A CTW model is used to further isolate mechanisims
for subinertial variability m velocity and sca level along
the west coast of North America. Derivation and appli-
cation of CTW theory are discussed extensively by Clarke
and Van Gorder (1986) and will onlv he summarized
bricfly here, Time-dependent cffects of alongshore wind
stress are included in the model. along with rotation.
continuous stratitication, bottom slope. and weak bottom
friction, Wind stress curl and the b effect are neglected.
The flow is assumed to be lincar and Boussinesq. with
pradually varving topography in the alongshore direction.

The coordinate svstenm is aligned such that A is the
cross-shore distance from the coast (positive onshore).
v is the alongshore position {(positive northward). and
2 is the vertical position (positive upward). The
prablem is greatly simpliticd in the Iong-wave limit. in
which cross-shelf scales are assumed to be much
shorter than alongshore scales (i.c.. Fi _\'3 Frxty,
and time scales of variahility are assumed to be much
Jonger than the inertial period (ic.. ¥ 2 f2 where
f 1s the Coriolis frequeney). Turhulent stresses are
restricted to infinitesimally thin boundary lavers at the
surface and bottom. In terms of pressure. the svstem
can be written as

Py * 12(11:,=;\"2).__—(). (1)
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where N(2) is the buovancy frequency of the back-
ground state, and p is the deviation of pressure from the
background state. Boundary conditions arc given by

2
p.r—p=0 at z=0. (2)
T g
. ity
Oy ‘“‘ m‘“_‘h at x—=0, (3
2
py
N I ip,, fli.‘_) (rp), hop =0 at
= M{x), and (4
p,=0 as x/ = (5)

where t¥(y, 1) is the alongshore component of wind
stress, fi(x. v) is bottom depth (assumed to vary gradu-
ally in the alongshore direction). r 15 a lincar friction
cocficient such that the bottom stress t) —rory. T is
a reference density, and y is alongshore velocity. These
boundary conditions represent a free surface [(2)]. no
net cross-shelf transport at the coastal wall [(3)]. Ikman
transport governed by no normal flow at the bottom
[H)]. and coastal trapping [(S)]. Solutions for pressure
are separated into orthogonal components.

plyavcar) = 5:] F(x.)f (%0, (6)
]

n

where £, is the frictionless free-wave structure of the uth
maode, and f,; is the amplitude of the sth-mode response.
The f, satisfv

] x
3 L
fm . fnl ”nnf v 0 O : a] “mnf m bnt (v.0).
n m

mIn

(7

where ¢, is the phase speed of the nth mode. 5, is a wind
coupling cocfticient. ay,y, is a frictional decay coetlicient.
and ay,, arc cocfhicients for frictional coupling to the mth
mode. Numerical methods for caleulating the free-wave
propertics F. ¢, D,y and a,,,, from mean stratitication
N2(2). cross-shore bottom topography f(x). and Coriolis
parameter f oare described by Brink and Chapman
(1987). Versions of the software for the Matrix Labo-
ratory (MATLAIB) programming cnvironment were
provided by Dr. Kenneth Brink [Woods Hole Occano-
graphic Institution (WIIOT)]. Wind coupling cocfticients
by, and frictional cocfheients dy, are calculated using the
cnergy-conserving normalization of Brink (1989). Once
the free-wave properties are found, solutions to the



coupled equations in (7) can be obtained using the nu-
merical method of characteristics deseribed by Clarke
and Van Gorder (1986).

The free-wave parameters were caleulated for 10
coastal scgments (Fig. 1¢). Mcan A3(2) profiles for cach
segment were computed from CTD data in the World
Occau Database (Bover et ak 2006). uswg casts offshore
of the 1000-m isobath but no farther than 400-km offshore.
Previous studies have shown that varving M(2) produces
small («210%) changes in [, ¢, and b, in the long-wave
limit but can change ¢, by up to 100% (Battisti and
Hickey 1984 Chapman 1987). Bottom topography is from
the National Geophysical Data Center coastal relief
model (httpdawww.ngde. noaa govimgg/coastal‘com.huml ).
Wind stress was calculated using the formula of Large and
Poud (1Y81) from wind velocity mterpolated to the in-
shore S0km of cach segment from the Cross-Calibrated
Multi-Platform (CCMP) product (g, 1¢). which incor-
porates data froms the Quick Scatterometer (QuikSCAT)
and coastal buoys (Atlas ct al. 2011).

To resolve the slowest phase speed in the model
(039 ms ! for the fourth mode off of southern California).
Avand Ar were set to 2.5km and 6h, vespectively. The
CTW model was run for the years 2003-05, with results
from 2003 discarded as spinup. Unless otherwise stated.
the intinite sums in (6) and (7) were approximated using
four modes. A constant lincar friction coefticient r —
2.5 X 10 *ms ' was used for the calculation of .
This is cquivalent to the value used for the continental
slope but less than that used for the shelf by Chapman
(1987). At the southern boundary. f (0. 1) = rgeh/
Fi0.0), and adjusted sca level at San Dicgo was used
for h(r). This relationship assumes that the San Dicgo
sca level is dominated by the first mode. Sensitivity to
the number of modes. friction cocfticient, presence of
local wind stress. and the use of sea level data at the
southern boundary will be exploved.

3. Model validation

Validation with observations is necessary before using,
the models to extend prior work on the CUC dynamies.
The models are first compared with observed time serics
of alongshore velocity at the RN mooring over the WA
midshelf (Fig. 1b). where previous studics have dem-
onstrated the importance of CTW dvnamics (Battisti
andt Iickey TIS). To assess the variability and strength
of the modeled CUC, the models are also comparcd with
time series at the Al maooring over the British Columbia
slope (Fig. th),

Statistical agreement between the maodels and obser-
vations is quantiticd using both corrctation cocetticients
(CCY and Willmott skill (WS). Correlation provides a
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test for statistically significant agreement at weather-
hand time scales. CC were calculated from a detrended
time sevics. and significance levels were determined us-
ing cffective degrees of freedom (Ewmery and Thomson
2004, p. 260). WS normalizes the mican squarcd evror,
which includes bias and differences in vanance and
trends. allowing for comparisons of skill between dif-
ferent models at muluple observational locations. WS
varies between 0 and tand is detined as

L u)i_ B (%)

(m o 0

WS -1

where misa modeled variable, o s an observed variable,
and the angle brackets denote an average over the series
(Willmott 1YS1).

a. Midshelf

During Junc-Scptember 2005, observed currents
were predominantly equatorward in the middle of the
water columu over the WA shelf (Fig. 2a). and sig-
nificant variability was also observed at weather-band
(=5 days) time scales (Fig, 2a). Reversals to poleward
flow do occur during this perviod over the WA shelf,
becoming more frequeut during September. Correla-
tions between NCOM-CCS and observations at RN are
similar throughout the water column (CC = 0.68-0.74).
while CTW model correlation is strongest in the lower
half of the water column (CC = 0.61-0.66) (Fig. 3a).
All correlations are signiticant at the 959 contidence
level, A similar incrcase with depth in the corrclation
between a CTW model and observations was repovted
by Chapman (1987) over the California shelf. Profiles of
WS from the two different madels indicate that the CTW
model gencrally has weaker skill. particulacdy in the lower
part of the water column (Fig. 3a). The CTW model most
accurately predicts the timing of fluctuations near the
bottom. but the magnitude of the modeled velocity
agrees more closely with abservations near the surface.

h. Slope

During 2005 at the Al site on the continental slope.
models show greater agreement with observations at
undcrcurrent depths than near the surface (Figs. 2boe).
Obscrvations at 35 m show cquatorward flow that in-
tensities from Junce to September (g, 2b), a pattern that
is not shown in cither model. At 300-m depth. the
strongest cquatorward tlows were abserved during late
May. following the transition in local wind stress (Fig. 2¢).
By mid-July. the flow is predominantly poleward but
with considerable event-scale variability throughout the
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Fii. 2. Comiparison of CTW and NCOM-CCS modeled alongshore velocity with current-
neter mcasurements at (a) 33-m depth at the WA shelf RN mooring site over the 70-misobath,
(Iv) 35-m depth at the BC slope A1 mooring site over the 500-m isobath, and (¢) 300-m depth at
the BCslope Al mooring site over the 300-n isobath. Note that a different scale has been used
in (¢) to show the smaller fluctuations in velocity at that location.

tme series. Both models show a transition from equa-
tor- to poleward flow at this depth during summer 2005.
although the CTW model tends to overestimate the
magnitude of the cquatorward flow. During 2004, the
CTW time series indicate a similar scasonal progression
as in 2005, with the strongest equatorward tlow observed
during April at 100m (Fig. 4). However. at 33m. ob-
served equatorward velocities exceed 02ms ' during
July. which is not reproduced in the CTW model.

Over the 500-m isobath. the largest correlations oceur
for both models at 100m (Fig. 3h). All ave signilicant at the
95% contidence level The CC and WS statistics both in-
dicate that NCOM-CCS outperforms the C1UW modeld
at 200 m. If comparisons arc restricted to the same time
period as the 2005 RN shelf measurements discussed in
the previous section. the correlation with ohservations

improves for hoth models at all depths. particularly for
NCOM-CCS (Fig. 3¢). If time scrics are bandpass tiltered.
using a Hanning window to remove periods >20 davs,
corrclation cocflicients improve substantially for the CTW
maodel over the stope (064 0.79. and 0.60 for 35, 100, and
300m. respectively: not shown). indicating strong agrec-
ment at weather-hand time scales. The WS metric indicates
that both models have relatively steong skill {~0.8) at 300 m
and weak skill (~0.3) at 35 m. The weak skill at 33m in-
dicates that the models do not accurately represent the
strenpth andfor cross-shore position of the equatorward
shelf break jet at the Al site. At 300 m. the modeled sea-
sonal progression from equator- to poleward flow results in
higher skill than at the surface during this time period.

A hydrographic section offshore of Copalis Beach.
WA (47°18N) shows the spatial distribution of alongshore
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isobath for 2004 and 2005, and {c¢) the Al mooring restricted to
21 May-5 Oct 2005 (the deploynient period of the RN mooring).
Black lines are CC: gray lines are WS scores,

velocity on 15 September 2005 (Fig, Sa). Over the
slope, the observed core of the CUC s located at 200 m,
Alter refercucing the observations to 0.03ms ' at S00dbar
for consistency with NCOM-CCS (sce section 3). the
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velocity in the undercurrent core is found to be
0.09ms ' Equatorward flow is present over the outer
shelf and slope and is strongest near the surface over
the 100-m isobath. Although poleward flow s present
over the slope in both models (Figs. Sh.e). onlv NCOM-
CCS shows the appropriate distibution of ¢quator-
ward flow, The CTW model shows no evidence of the
-0.3ms ! ncar-surface jet that extends over the WA
outer shelf and slope, unlike NCOM-CCS (Figs. Sh.e).
The location of maximum cquatorward How at the
surfuce has been observed to migrate offshore from
spring to summer (ITickey 1989). a process that likely
cannot be captured by the CTW model that neglects
the horizontal advection of densitv and momentum.
Weak skilb at 35 m over the British Columbia slope in
hoth models (Figs. 2b. 3¢, and 4a) may be related to the
complex topography of La Perouse Bauk located on-
shore of the mooring site, as well as CTW scattering
where the shelf widens from WA to BC (Wilkin and
Chapman 1990 Thickey et al. 1991). The CTW model
does not include scattering by alongshore variations in
topography. and this process mav not be accurately
resolved by the 9-km resolution of NCOM-CCS.
Because the alongshore currents vary on the time
scales of weather events, svooptic sections of geo-
strophic velocity do not necessarily represent the sca-
sonal mean. Direct current-meter measurements dcross
the Washington shelf and slope during the period
23 Julv=26 August 1972 (Ilickey [979) provide an
opportunity for comparison of the model results with
observations of the mean late-summer structure of
alongshore velocity over the shelf and slope. although
the observations are from a different vear. The un-
dercurventis clearly present in NCOM-CCS results from
the same part of the scason (Fig. 5d). but the 0.09ms !
CUC core at 300-400 m is both deeper and weaker
than the 0.16ms ' core at 200m observed by Iickey
(1979, During this period. the Jocation of the un-
dercurrent core is similar between NCOM-CCS and the
CTW model (Fig. 5¢). which shows a maximum poleward
velocity of 006 ms ' The strongest mean cquatorward
velocity near the surface inthe [Hickev {1979) observations
is - 008Sms ' over the outer shell, which is much weaker
thanthe  030ms 'jet during the same part of the season
in NCOM-CCS. As discussed further in scction 5, in-
tevannual variability is a likely reason for the difference
between the [972 observations and 2005 model results,

4. Results

Comparisons with observations in the previous scc-
tion indicate that the CI'W and NCOM-CCS maodels baoth
capture Kev features of summer circulation, including
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cquatorward How at midshelf during summer and van-
ability in the California Undercurrent at time scales
from davs to scasons. The weakest aspect of the models
is the cquatorward shelf break jet. which is absent from
the CTW maodel but present over the Washington slope
in NCOM-CCS (Iig. 3). To gain insight into the lincar
dvnamics of the modeled undercurrent. the CTW model
is run under different contigurations to explore the sen-
sitivity of the 2005 time series and the scasonal evele to
friction. number of modes, local wind forcing. and the
southern boundary condition (section 4a). Both models
arc then used to determine the large-scale structure of
the APT during summer (section 4b) and the balance of
alongshore momentum in the northern CCS (section 4e).

a. CI'W model scusitivity analysis
1) FRICTION

Previous studies. which focused on the shelf, have
shown that the value of the linear frictional cocefficient
can inuence the amplitude und phase of modeled ve-
locity fluctuations (Battisti and [lickey 1983 Chapman
1987). To examine how friction modiles the response
over the shelf and slope, the original value of r = 25 X
10 *ms 'wasreduced tor = 1O X 10 *ms 'and also
inereased by the same amount o 7 = 4.0 X 10 *ms L
The weaker frictional coefticient enhances the modeled
cquatorward velocity over the midshelf, which reaches

0.6ms duri ng carlv June {Fig. 6a. top}. much larger

than the observed peak velocity of — 03ms ' (Fig. 2a).
An cquivalent increase in r has a smaller cffeet on the
strength of equatorwurd Row over the midshelf (Fig. 6a.
top). At 300m over the slope. decreasing r enhances
poleward How and increasing » reduces the magnitude of
poleward flow during late summer (Iig. 6b. top). with
resulting differences <003 ms g

2} NUMBER OF MODES

The number of modes used varies substantially among,
studies (Clarke and Yan Gorder 1986). In this studs.
convergence was found for three modes and more.
During mid-July=October 2005, the use of two or more
mades enhances equatorward flow over the shelf (Fig.
6u. upper middic) and cnhances poleward Row at 300m
over the slope (FFig. 6b. upper middle ). During June and
arly Julv, the first mode dominates the response,
[Tigher maodes tend to be Jocally generated because
they have greater values of a,y,, and arc preferentially
damped as they travel away from the forcing region.
Thercfore the higher modes tend to be more important
after the onset of strong local wind stress in mid-July.

3) LOCAL WIND STRESS

During summer. remote wind stress contributes to
weather-band variability over the Washington shlf
{Battisti and Ilickey 1984). To explore the role of re-
mote forcig over the slope. the CTW model wus run
with local wind forcing t¥ = 0 atJocations north of 42°N,
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magnitude of the strongest equatorward velocity.

This configuration retains the relatively strong wind
forcing off northern Catifornia and removes the rela-
tively weak forcing north of Cape Blanco. Oregon (IFig.
Ic). During 2005, the tocal wind stress transitioned to
cquatorward over onc month later than usual in late
May and remained anomalously weak through mid-July
(Ilickey ct al. 2006: Kosro ct al. 2006). Over the shelf
(Iig. 6a, lower middle). remote forcing is responsible for
the strong cquatorward llow (y ~ 0.4 ms ') during this
carly period of weak winds. The remotely driven shelf
velocity later in the summer during August is weaker,
with more frequent poleward llow events. In contrast to
the shell. removing the local wind stiress has hittle offect
on the flow over the stope at 300m., aside from in-
troducing a lag of several dayvs (Fig. 6b, lower middie).
The difference between the shell and slope can he un-
derstood by considering the role of the various modes

deseribed in the previous section. Removal of local
cquatorward wind stress weakens the equatorward flow
associated with the first mode over both the shell and
slope. However. the suppression of locally generated
higher modes results in weaker equatorward llow over
the shelf and weaker poleward flow over the slope.
These two effects counteract cach other over the slope
but reinforce cach other over the midshelf, resulting in
areater sensitivity to local wind stress over the midshell.

4) SOtTTHERN BOUNDARY CONDITION

The CTW model includes signals created at the
southern boundary of the maodel in addition to those
gencrated by wind forcing farther north along the woest
coast of North America. The southern boundary con-
dition relies on the assumption that fluctuations in
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adjusted sealevel at San Dicgo are associated with first-
maode coastal trapped waves. To show the cffect of this
southern boundary condition on the model results, we
use an alternative boundary condition of £ (0. ¢) = 0,
representing Zero wave encrgy  at the southern
houndary.

Over the midshelf. the southern boundary condition
(Fig. Ha. bottom) does not have as much of an effect on
the modeled veloctty as the chmination of the local wind
stress (g, Ga, lower middle). However, the southern
boundary docs have a signilicant cffect on the modeled
veloeity over the stope (Figs. 6b, bottom). Without using
the San Dicgo sea level at the southern boundary, the
300-m veloeity time series facks the observed persistence
of cquatorward flow during spring and poleward Qow
during late summer and carly fall. Poleward flow events

still oceur and are much more frequent than over the
shelf, but equatorward flow events are also common
during late summer.

Seasonal-mean sections further demonstrate the in-
flucnce of sea level variability on alongshore velocity in
the northern CCS (Fig. 7). In the NCOM-CCS (Fig. 7.
top) and the CTW maodel with San Dicgo sca level
variability included (Fig. 7. middle). poleward flow is
amaximumof ~0.05ms  at 300-400m during summer.
intensitics near the coast during the fall and winter., and
disappears during spring when equatorward flow don-
nates. Although the offshore extension and vertical
shear of equatorward flow are more realistic in NCOM-
CCS during summer (section 3; Fig. ). the development
of equatorward flow over the shelf and stope during
spring and the intensitication of poleward flow over the
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slope during summer in both models arc consistent with
abservational studics in the northern CCS (Iickey
1979: Collins ¢t al. 2003 Thomson and Krassovski
2010).

In the case with no CTW cnergy at the southern
boundary (Fig. 7. hottom). the modeled undercurrent is
wecaker in the summer mean (-0.02ms I) (Fig. 7). In
addition, poleward flow over the shelf during fall and
winter as well as equatorward tlow during the spring are
substantially weakened in comparison to the case that
includes San Dicpo scalevel variability, Additional runs
that include winds off Baja Culifornia, south of San
Dicgo.showed no improvement in the modeled scasonal
variations in the northern CCS (not shown). Although
CTW dyvnamics associated with wind forcing alone
can gencrate weak mean poleward flow over the northern
CCS slope during summer (Fig. 7). and increase poleward

flow at the time scale of weather events (Fig. 6h). the
magnitude and tinung of 1ts scasonal cyvele more closcly
resemble observations and NCOM-CCS with the use of
San Diego sea level at the southern houndary.

b, Largc-scale suuctiere of the APF duriug stanuier

The structure of the poleward APE. which opposcs
the prevailing cquatorward wind stress during summer.
is important for understandmg dynamics assoctated with
the CUC. Although the sca level gradient determiines
the APF near the surface. the APF may be substantially
maditied at depth by the presence of alongshore density
gradients. Cross-shelf structure may also be present due
to the shell topography and coastal wapping. In this
section, we use the NCOM-CCS and CTW models to
gain insight into the structure and variability of the AP,
Scasonal differences in the APE during 2005 are first
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examined near the coast. where tide gauge observatons
arc available. Analvsis of the modeled APY is then ex-
tended offshore to the contnental slope. where the
models provide a more complete view of its timing and
spatial structure.

1) VARIABILITY IN COASTAL SEA LEVEL

Winter-to-summer difterences in sca level are com-
parcd at difierent locations along the coast during
Januarv=March and 15 June—15 Scptember 2005 (Fig. 8a).
The latter period is chosen because flow transitions
scasonally Trom equator- to poleward at 300 m over the
slope (Fig. 2¢). Differences between the 3-month av-
crages arc examined hrst. because the tide gauge ob-
servations cannot be used to estimate the absolute
spatial gradients during cach individual scason. Be-
tween these two periods, referred to as “winter™ and
“sunmmer” conditions, the observed sea level drops to
lower values along the entire coastline from Point
Conception to Vancouver Island (Fig. 8a). consistent
with the development of cquatorward geostrophic cur-
rents near the coast,

Modeled winter-to-summer differences in sea fevel
follow latitudinal patterns similar to those of the ob-
servations, showing larger scasonal decrcases in the
northern CCS (Fig. 8a). Both models underestimate the
overall magnitude of the sea level decrcase at all lati-
tudes. Relative differences along the coast in NCOM-
CCS paralle] those i the observations, and the CTW
modcl shows a weaker alongshore gradient in the sca-
sonal differences. To reproduce the magnitude of the
observed sca level gradient in a stcady barotropic
model. Hickey and Pola (1983) used a smaller frictional
coeficient of ¥ = 1 X [0 *ms ', Using this valuc in the
CTW model results ina larger alongshore gradient
(Fig. 8a). but also produces unrcalistically strong
cquatorward flow over the WA shelf (up to0.6 ms
Fig. 6. wop).

Absolute gradients in coastal sca level from the nu-
merical modelscan be compared with observations if the
tide gauge data arc added to the mean dvnamic height
estimated from the climatology. Following IHickev and
Pola (1983). mean dynamic height data at the coast from
Reid and Mantyla (1976). referenced to SO dbar. are
interpolated to the tide pauge locations. During winter
2005, the NCOM-CCS and CTW models both show
higher average sca level in the northern CCS. consistent
with the observations (Fig. 8b). During summer. coastal
sca level in NCOM-CCS stopes ~0. 10 m downward
from PSL in the south to NI farther north. consistent
with the observed alongshore gradient. Farther north
from NI1to LP. the observed sca level gradientindicates
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FI1G. 8. Winter-to-sunnuer differenees in coastal sea level from
Point Conception 1o Vancouver Island during 2003. (a) Difference
of scasonal averages from adjusted tide gauge observations (gray)
and NCOM-CCS (black line). CT'W (squares) and CTW with the
drag cocfficient reduced by a factor of 2.5 (triangles). Winter is de-
fined as Junuary-March: summuer is defined as 15 Jun-135 Scp.
(b) Sunnuer and winler averages of sea level for the three models
and ohservations, referenced 1o the latitude-averaged mean winter
value. Observations are estimated by addingide gauge datarohe

niean dynanic height climatology of Reid and Maniyla (1976).

a poleward API at the coast: additional data in northern
CCS indicate that this pattern is robust (R. McCabe and
B. M. Iickey 2003 unpubhished manuseript). In con-
trast. the sca level gradient in NCOM-CCS indicates
aweak cquatorward APF at the coast from northern OR
to southern BC, Smaller-scale variability oceurs hetween
LP and NB in NCOM-CCS and obscrvations. In the
CTW model, coastal sca level in the northern CCS slopes
cither very weakly up- or downward to the north. de-
pending on which drag coefficient is used. Although the
absolute gradient in the coastal sea level varies between
models in the northern CCS, all models reproduce the
scasonal development of the CLUC (section 3). As willbe
shown in the following section. this 1s due to the im-
portance of the haroclinic component of the AP over
the slope.

Modcled intrascasonal variability in the APF over the
shell can be assessed by comparing with observed vari-
ability in alongshore gradients of coastal sca level.
Intrascasonal fluctuations in the observed surface APEF
( gh,. where h s sea surface height at the coast) be-
tween NI and N B during 2005 are more corrclated with
remote alongshore wind stress near HB. over J00km
south of Newport, than with local wind stress (Fig, 9).
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The APF is directed most poleward following wind re-
laxations or reversals to the south. and the lags of the
maximum correlation with wind stress along, the coast
suggest a response that travels at approximately twice
the free-wave CTW phase speed. This propagation
speed of the pressure response is consistent wath ana-
Ivtical solutions to (7) forced by periodic wind stress
with the alongshore suructure (Philander and Yoon
1982). Modeled alongshore gradients in coastal sea level
arc significantly correlated with observations in the
CTW maodel (CC = 0.532: Fig. 10a) and morc strongly
corrclated with observatuons in NCOM-CCS (CC -~
0.87: Fig. 10b). Corrclation hetween the observed and
modeled APE at the coast indicate that the models can
¢ used to understand the variability of the AP farther
offshore over the slope.

2) THE API' AT UNDERCURRENT DEPTHS

Analysis of the modeled APFE is now extended from
the coast to the slope. where the CUC is located. To
evaluate the slope APE at the same alongshore scale as
the coastal sca level gradients. two end points from the
same latitudes as NB and N are sclected. Perturbation
pressurc is defined as

PRy )= plev. .0 — plo). 9)

where p(z) is a reference pressure calculated from
a mean density profile. which does not contribute to
horizontal gradicnts.

Shell-to=slope differences in the modeled APE are
significant during summer (Iig. 10¢). Compared with the
surfacc APF at the coast. fluctuations have a smaller
magnitude near the hottom at 309 m over the slope. and
there is no significant correlation between the APTF at
the two locations. This lack of correlation is likely duc to
higher-mode waves. The spatial and temporal variability
of hottom pressure at 309 m during this period shows
several poleward-propagating signals with phase speeds
that vary between events (Fig. 10d). An example during
late May 2005 1s highlighted in which a low pressure
signal propagates northward at approximately twice the
phase specd of a free first-mode CHW. followed by
a high pressure signal at approximately twice the phase
speed of a Tree second-mode CTW, During this cvent. a
poleward APFEF develops over the slope during the tran-
siion from low to high pressure and s enhanced by the
poleward decav of the high pressure signal (Figs, 10c.d).
Simnlar patterns can he found. Tor example. in the time
periods leading up to the next poleward APE cvent
during carly Junc and the strongest poleward AP event
during mid-luly.
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The summer means of modeled perturbation pressure
and SSH are used to further examine the large-scale
spatial structure of the APEF with depth and latitude over
the slope (Fig. 11). South of 42°N, the mean SSH over
the slope during 15 Junc=15 September 1s consistent
with a large-scale poleward APE at the surface (Fig.
11a). North of 42°N over the slope. higher SSH to the
north indicates a mean cquatorward APF at the surface.
‘These large-scale patterns in the surface APF are con-
sistent at multiple isobaths over the slope. Smaller-scale
variability (<17 latitudce) is also present in the northern
CCS. Distributions of mean bottom pressure over the
slope (Fig, 110) reveal a lavpe-scale poleward APEF atall
latitudes from Point Conception to Vancouver Island.
The large-scale APFE at the bottom s weaker at isobaths
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deeper and farther offshore. The horizontal distribution
of perturbation pressure in the water column over the
309-m isobath (g, 11c) shows that depths > 1530m arce
characterized by lower pressure to the north at all lati-
tudes. mdicative of a poleward APF throughout the CCS
at depths bedow the shelf break.

The pressure distribution over the slope indicates
that the summer-mcan poleward APE at undercurrent
depths in the northern CCS s associated with along-
shore density gradients, not a sca surface that slopes
downward to the north. Over the upper slope. maximuwn
upward displaccment of the s, = 20.5 isopyvenal occurs at
42°N (Fig. 11d). The s, = 25.5 wopvenal slopes down-
ward to the north at 42°N and lighter isopyenals (c.g..
s, — 24.5) also slope downwind to the north in the
northern CCS. Thercfore, at the latitude of minimum
sea level over the slope and latitudes favther north,

alongshore density gradients arc responsible for the
poleward APF at undercurrent depths. Farther south. the
alongshore density gradients weaken the stronger pole-
ward APF at the surface. Similar to NCOM-CCS, the
maximum deasity anomaly i the CTW model occurs
near 42°N (g, 1le). While the magnitude of these
anomalics arc about an order of magnitude greater in
NCOM-CCS. the pattern of upward isopvenal dis-
placement centered at 42°N is consistent with CTW
dynamics, This upward displacement. most pronounced
inthe s, = 26.5 isopvenal. does not appear to result from
offshore Torcing hecause it is much weaker over the
1035-m isobath in NCOM-CCS (Fig. 11f).

The CTW modd can be used to evaluate contribu-
tions to the APF from alongshore wind forcing along the
US. West Coast and remote signals farther south, The
cross-shove structure of the large-scale APF is clearly
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density anomaly compared with NCOM-CCS s,

defined in the CTW model. hecause the bathymetry is
uniform in the alongshore direction within cach seg-
ment. During 15 June—15 September 2005, the poleward
APF in the northernmost segment of the CTW model is
strongest near the bottom at the shelf break, and an
cquatorward APFE is present over the shelf near the coast
(Iig. 12a). Farther south in the CTW model. at the 47°N
Washington scgment. the strongest poleward APF oc-
curs closer to shore over the shelt (Fig. 12d). At the
40.8°N B scgment. closer to the strongest wind forcing,
the poleward APL is strongest at the surface and near
the coast (Fig. 12g).

The stronger poleward APL at the depth over the
dope (Fig. 12a) again demonstrates the importance of
alongshore density gradients at locations north of the
strongest wind stress in the CCS. Unlike the NCOM-
CCS summer mean (Fig, 11a). the CT'W model does not
have an cquatorward surface AP over the northern
CCS slope. which mav be associated with the cquator-
ward shelf break jet that is absent from the CTW model,
[However, the NCOM-CCS and CTW models both in-
dicate enhancement of the poleward APF at depth over
the slope by alongshore density gradients. In the Tol-
lowing section. it will be shown that the modeled pole-
ward APF over the northern CCS slope s largely

balanced by a Coriolis foree associated with onshore
flow at ume scales from weeks to months.

¢. Alongshore mennentian balance over the northern
CCS slope

In a lincar model. the alongshore momentum balance
away from the frictional boundary tavers is described by
y, - fu=ry'p . (10)
The CTW maodel indicates that during sumymer the mean
APE 1y 'p.‘. 1s primarily balanced by the mean Coriolis
torce fie (Figs. 12h,¢.h), which is much greater than the
mean acceleration y, (Figs, 12¢.£4). In this section. tem-
poral variability in (10) is examined. The validity of
a lincar alongshore momentum halance is assessed, and
it 1s shown that the dominant terms in the alongshore
momentum balance are dependent on the time scale of
interest. with the Corohs force largely balancing the
APF at =20-day time scales.

The validity of the lincar momentum halance over the
stope cian he examined using the nonhincar NCOM-CCS,
To remove mesoscale variahility and focus on the
alongshore scale of the northern CCS slope. NCOM-
CCS time series have been averaged over L5 =I8.5°N
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and 3 grid points offshore of the 300-m isobath, To
scparate variability at time scales of several weeks or
longer from weather-band variability, low-frequency
time scrics have been created by filtering with a 20-day
I anning window:.

In the low-frequency. spatially averaged NCOM-
CCS time series, the undercurrent aceelerates and
shoals during summer (Fig. 13a). The AP and Coriolis
force resemble cach other closcly in timing. magnitude.
and depth structure (Figs. 13b.¢). Although there is
a mean baroclinic depth structure (Fig. 11¢). a surface-
intensiticd poleward AP is present during July (Fig.
13Db). Acceleration is generally an order of magnitude
smaller than the APF and Coriolis force at these longer
time scales (1, 13d). Agreement between acceeleration

s

and the residual of the Coviolis foree and APF away from
the surface boundary laver indicates that the lincar bal-
ance is valid over the slope. ¢specially at 100=300 m ( Figs.
13d.c).

At a typical undercurrent depth, 50 m above the bot-
tom boundary laver at 259 m. the dominant terms of the
momentum balance depend on the time scale analvzed.
At shorter time scales (<20-day periods). the APEF is
gencrally smaller than the acceleration and Coriolis
force terms (Fig. 14). The timing and magnitude of the
momentum balance terms are consistent between the
NCOM-CCS and CTW models. Corrclations between
models are 0.55. 0.50. and 0.49 for the acceleration,
Coriolis. and APF terms. respectively. with a 1-dav lag in
the APF term.
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Atlonger time scales, the Coriolis force largely bal-
ances the APEF and leads the APEF by 2 davs in NCOM-
CCS (Fig. 15a). In the CTW model. the Coriohis foree
and APF are weaker and not as strongly correlated (Iig.
15Dh). ITowever. the scasonal timing of the APE is similar
in the two modcls. with maxima in the poleward APF
during late April and mid-tuly. In both modds. the
poleward APE is persistent during the period June—
August. The acceleration term (not shown) s weak and
lacks a persistent summer mean (sce Figs, 12, 13). With
wind forcing ondv [f ((0.7) = 0]. the Coriolis term and the
AP arc weaker. but onshore flow and the poleward
API are still persistent during summer (Iig. 15¢). Even
though the mean poleward velocity during summer is
weaker in the wind-only case (Figs. 6b. 7). the scasonal
development of the poleward APE over the northern
CCS slope 15 a robust part of cach model run and
therefore is largely associated with wind forcing atong
the ULS. West Coast.

S Sunmmary and disenssion

This study uses two numerical models with different
levels of complexity to examine the dyvnamics of the
poleward CUC and APE. Time series observations of
alongshore velocity over the continental slope allow for
4 detailed assessment of modeled variability over time
scales from davs o scasons, Processes inlluencing the

CUC and APF are illustrated schematically in Fig. 16,
and major resultts are sunimarized below:

« Scasonal development of a persistent CUC during Tate
summer i the northern CCS s primandy dependent
on incoming energy from sca level variability applicd
south of the region of strong coastal wind forcing.
while event-scale fluctuations over the northern CCS
slope at CUC depths are primarty forced by remote
coustal wind events (section 4a).

« The AP over the continental slope has barotropic
and baroclinic components. At time scales fromweeks
to months n the northern CCS, the barochinic API
provides a poleward foree at CUC depths. which s
balanced by the Coriolis foree associated with onshore
flow. In the central and southern parts of the CCS, the
haroclinic component weakens the barotropic APIF at
CUC depths (sections 4b—).

An unanticipated result of this study is the de-
pendence of a persistent Late-summer CUC on the use
of the San Dicgo sea level at the southern houndary,
Low adjusted sea fevel at San Dicgo during spring is
associated with strong cquatorward flow. while high
adjusted scalevel is associated with a poleward-llowing
inshore countercurrent (Reid and Mantwvla 1976). This
ncar-surface poleward flow is evident in the mican
NCOM-CCS sca surface height ticld during summer
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the NCOM-CCS and CTW nmiodels: (a) acecle
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craged over H I A8SN, and CTW timie series are from the WA coast segment.

(Fig. la). Model vesults have showa that vemote forcing
from the cquatorial Pacific contributes to the annual
cvele of sca levelin the CCS (Pares-Sierva and O Bricn
1989). More reccatly. Shulman ct al. (2010} linked ob-
servations of anomalously high coastal sca level during
summer 2006 to propagating signals originating near the
cquator in the global NCOM modcl. The importance of
the southern boundary at scasonal time scales suggests
a possible dynamic link between poleward flows often
considered to be separate: the undeveuerent as far north
as British Columbia and the inshore countereurrent in
the southern CCS.

This result contrasts with the study of Chapman
(1987). who fouad that including San Dicgo sca level as
a southern boundary condition weakened the coreela-
tou with obscrved bottom pressure over the northern
CA shell. Tn the present study. the southern boundavy ot
the CTW modcl primantly influcaees the northera CCS
at a ime scale of moaths, which Chapman (1987) did not
analvze. 1t is possible that smaller-amiplitude weather-
band Huctuations at San Dicgo are gencrated more lo-
cally than the lower-frequency fluctuations and are
therelore associated move with higher-mode CTWs that
do not propagate far north, 1t is also possible that
the shorter-period weather-band fluctuations are more
susceptible to scatteriag by alongshore variations in

topography. which most likelvy oceurs where the coastline
bends sharply near Poant Coneeption (south of PSL: g,
la). Johnson (1991) shows that scattering can be limited
cither f stratthication is strong ov if frequencies are
much less than Nfa, where @ is the bottom slope. For
characteristic valucs near Point Conception, N2
10 *s 'anda = 5 X 10 ¥ this corresponds to a period
of —~ 1.5 davs. which is compavable to the time scales in
the weather band.

Outside of the novthern CCS. undercureent dvaaniics
may be more strongly influenced by processes such as
wind stress curl that are not present in the CTW model
dvnamics or implicitly included in the southern bound-
ary condition. McCrearv et al, (1987) and Batteen (1997)
found that wind stress curl creates a stronger and shal-
lower poleward undercurrent. However, remote wind
stress curl s not thought to influence coastal currents
in the same wav as remote alongshore wind stress
(McCreary et al. 1987). Poleward flow wduced by the
alongshore gradient of wind steess curl weakening to the
south may influence remote locations (Ocv 1999). but it
is unclear how this mechanism would gencerate poleward
flow in the northern CCS. Wiad stress curl s relatively
weak in the northern CCS and strongest off northern
California and in the Southern California Bight (Bakun
and Nclson 1991).
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Another factor missing Trom the CT'W model is the b and Kitamura 1984). Obscrvations in the southern CCS
cffect. which in idealized studics has been found to have revealed offshore propagation of poleward lHow
strengthen the poleward undercurrent and APF atsca-  structures  consistent with baroclinic Rossby - waves
sonal time scales (Philander and Yoon 1982 Suginohara  (Todd ¢t al. 2011). However. it remains unclear how
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arrows represent the APE, and thick Muc lines representisopyenals interseeting a vertical plane
over the slope.
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important the b effect s at scasonal and shorter time
scales farther north of Washington and British Colum-
hia. At the annual time scale, Rossby wave propagation
only occurs south of a critical latitude. ¢stimated to be

-42°N in the CCS (Clarke and Shi 1991).

Topographic rectification is another process that is
ahsent from the CTW maodel but could be present in
NCOM-CCS. 1n the presence of stratilication. the ree-
tification of oscillating Row over topography that vavies
in the along-shelf divection produces a mean poleward
How concentrated over the upper slope, The modeling
study of Brink (2011) shows that parameters represen-
tative of the northern CCS result ina ~0.0 ms ' mean
poleward flow. 1n addition. topographic rectification can
also lead to alarge-scale gradient in coastal sea level that
slopes downward tn the direction of wave propagation
(Brink 2010). It 1s therefore possible that topographic
rectification could explain the stronger poleward flow
and coastal sca level gradicnt in NCOM-CCS compared
with the CTW model during summer. although the

-J0km topographic length scale s only coarsely re-
solved by the 9-kmeresolution NCOM-CCS. Because
the topographic rectitication theory provides scaling for
the mean How. it is not immediately clear whether it can
cexplain the temporal variability that has been the pn-
mary focus of the present studv. Scasonally, the sub-
surface poleward How associated with topographic
rectification is expected he strongest when vanahility in
the local wind stress is highest. In the northern CCS.
the standard deviation of dailv mean wind stress is
strongest during December and reaches o minimum
during August (1Tickey 1979). Therefore. although to-
pographic rectitication cannot be ruled out as a potential
mechanism. it does not appear to explain the intensi-
fication of poleward How over the upper slope from
spring to late summer.,

The strength of the CUC also varies on interannual
time scales. which may cexplain differences between
scasonal averages of the NCOM-CCS results from 2003
and the Hickev ( 1979) current-mcter observations from
1972 (section 3), Summer 1972 coincides with a strong
Nino. although it is not associated with signilicant warm
temperature anomalics in the northern CCS like other
I Nino vears (Smith et al. 2001). THowever. current-
meter measurements indicate much stronger poleward
velocity over the outer shelf and slope during late
summer 1972 than fate summer 1981 (1lickey [YSY9).
Mecan late-summer poleward How at 200m over the
upper slope is ~0.05ms ' during 1981, compared with

0.15ms Dduring 1972, Mean late-summer current-
meter observations from 1981 show wear-surface
equatorward How of about  0.20ms ' (Ilickey 1989),
comparcd with - 0.0Sm s ldurin;:thc 1972 obscervations,
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Over nudshelf, at the 80-m isobath, late-summer ob-
servations from both 1972 and 1931 indicate that pole-
ward How extends throughout nearly the entire water
column. However, neitherobservations nor model results
show mean poleward How in the midshelf water column
during late summer 2005 (section 3). The presence of
stronger cquatorward How over midshelf during 2005
than other vears mayv be related to anomalous local wind
stress. which treansitioned cquatorward about | month
later than usual off the Washington coast but was stronger
than usual dunng the later part of the summer (Hickey
ot al. 2006: Kosro et al. 2006). Sensitvity of alongshore
currents to local wind stress in the CTW model s higher
over the shelf than the stope (section da). It is therefore
likelv that tteranmuual vanability of the CUC m the
northern CCS is more strongly influenced by remaote
forcing than local wind stress and also influenced by
b-planc dynamics as discussed above.

The baroclinie structure of the APIF presented in
this studv is consistent with the idealized model of
McCreary (1981). in which the undercurrent deepens at
higher latitudes and reaches a maximum amplitude at the
latitude where tsopvenal surfaces are shallowest (Fig.
L1d). The presence of a poleward AP at depth over the
slope does not depend on the southern boundary condi-
tion of the CTW maodel (Figs. [5b-c¢) or astrong poleward
AP ncar the coast (Figs. [2a—c). McCrearv and Chao
(1985) show that this structure of the APF is vobust even
when the inclusion of a continental shelf weakeus the
undereurrent, The same basic structure is shown in the
two-laver model of Yoshida (1967). in which the scalevel
rcaches a mmimum at the northern edge of the wind
stress forcing and the shallowest depth of the thermochine
oceurs at the same latitude. In the present study. over the
CA slope. the AP is poleward through the entire water
column and alongshore density gradients weaken the
poleward AP with depth (Figs. [la~c). consistent with
previous studics that Focused on these latitudes (Mcllor
19862 Pringle and Dever 2009).

Model hindcast results in the present study indicate
that the largest vertical isopyenal displacements over the
slope occur north of the strongest equatorward wind
forcing (Fig. 11). in agreement with past idealized
maodels (Yoshida 1967: McCreary 1951). Shiphoard ob-
scrvations also suggest a maximum vertical isopvenal
displacement over the slope that is offset to the north of
the strongest upwelling-lavorable winds (Muraki 1974).
Vertical motions of isopvenals over the slope are asso-
ctated with higher CTW maodes. which are damped more
quickly than the lst-mode waves that dominate the
coastal sca level vesponse. Higher background strati-
fication to the north may also contribute to the baro-
clinic APIY by restricting the upward displacement of
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isopvenals, In the CTW model. onshore flow associ-
ated with the poleward APT at the shell break trans-
fers mass from the poleward undercurrent to the
cquatorward shelf fet in the northern CCS. In NCOM-
CCS. the baroclinic structure of the APF and associated
cross-shore flow near the surface are comphicated by
the presence of cquatorward flow farther oflshore over
the shelf break (IFig. 5). Obscrvations have shown that
the cquatorward jet nugrates offshore throughout the
summer ([lickey 1989). which mav influence the mag-
nitude and structure of the poleward APF near the
surface in the northern CCS. The contribution of density
pradients to the poleward APEF over the slope. demon-
strated here in the northern CCS. is expected to be dv-
namically important in the poleward latitudes of other
castern boundary upwelling systens,

‘This studv presents a comprehensive analvsis of sca-
sonal and event-scale flow over the continental slope of the
CCS. Models are tested againsta unique long-tem dataset
collected over the northern CCS slope. Our results high-
light the importance of remote forcing in all parts of the
CCS. which provides motivation for treating such svstems
asa uniticd whole inTuture modeling studies. The presence
of strong variability at multiple time scales demonstrates
that the collection of in situ data over the continental slope
should be a critical component of future dvnamical studics
of poleward undercurrents in upwelling regions.
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